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The electromagnetic form factors Gsiq^), Gm(<Z^), and Gglq^), charge radii, magnetic and 
quadrupole moments, and decay widths of the hght vector mesons p'^ , K*'^ and K**^ are calculated 
in a Lorentz-covariant, Dyson- Schwinger equation based model using algebraic quark propagators 
that incorporate confinement, asymptotic freedom, and dynamical chiral symmetry breaking, and 
vector meson Bethe-Salpeter amplitudes closely related to the pseudoscalar amplitudes obtained 
from phenomenological studies of tt and K mesons. Calculated static properties of vector mesons 
include the charge radii and magnetic moments: (r^^)^^^ = 0.61 fm, {r^,+ )^^^ — 0.54 fm, and 
(r^to) ~ -0.048 fm^; fip+ = 2.69, — 2.37, and /i^.o = -0.40. The calculated static lim- 

its of the p-meson form factors are similar to those obtained from light-front quantum mechanical 
calculations, but begin to differ above q'^ — 1 GeV^ due to the dynamical evolution of the quark 
propagators in our approach. 



I. INTRODUCTION 

The electromagnetic (EM) form factors of hadrons pro- 
vide an important tool for the study of bound states in 
QCD. There have been numerous experimental and the- 
oretical studies of the tt- and if-meson EM form factors 
FTriq'^) and Fxiq^) which have improved our understand- 
ing of the dynamics of quarks and gluons in hadrons [0-^ . 
Fewer studies have been undertaken for the three inde- 
pendent vector-meson EM form factors Fi{q'^), F2{q^) 
and F^iif'), even though they would provide informa- 
tion about bound-state dynamics that is unobtainable 
from pseudoscalar-meson studies alone. In particular, 
EM gauge invariance constrains the static limits {q^ — 0) 
of FT^{q^), Fxiq^) and -Fi(g^) to equal the charge of the 
TT, K and vector mesons, respectively. Hence, the values 
of these form factors at = provide no dynamical in- 
formation. The lack of such a constraint on ^2(9^) and 
F3{q^) means that vector mesons have non-trivial static 
properties (their electric and magnetic moments) . These 
provide information about bound-state dynamics in the 
limit that the vector meson does not recoil from the EM 
probe. 

Light vector-meson EM form factors have received less 
attention than their pseudoscalar counterparts because 
their experimental determination is more difficult. The 
short lifetime of vector mesons (exemplified by the ra- 
tio of the K*- and K-meson lifetimes, tk'/tk ~ lO^^"*) 
has so far excluded the possibility of a direct measure- 
ment. However, indirect measurements of the static lim- 
its of the EM form factors are possible. For example, 
radiative decays of vector mesons, such as /?+ 7r+ 71*^7, 



may be used to obtain their magnetic moments ^1, and 
charge radii may be inferred from the ^-dependence of 
cross sections for diffractive vector-meson electroproduc- 
tion. Such measurements are currently accessible at TJ- 
NAF, DESY, and FermiLab. 

Herein, the EM form factors for p+, K*+ and K*'^ 
mesons are calculated using model confined-quark prop- 
agators from Ref. |^ and vector-meson Bethe-Salpeter 
(BS) amplitudes that are a simple extension of the pseu- 
doscalar BS amplitudes also developed in Ref. In 
the present study, the ramifications of employing vector- 
meson BS amplitudes that are closely related to their 
pseudoscalar counterparts are explored. The parameters 
introduced for the model p- and ii'*-meson BS ampli- 
tudes are determined from a fit to the experimental val- 
ues for the p+ TTr"*", p e+e", and K*~^ — > ^K^ 
decay widths. The calculated vector-meson EM form 
factors, associated moments and charge radii arc then 
compared to those obtained by other theoretical studies 
[^j,^. The motivation of this study is to develop simple 
model BS amplitudes for light vector mesons and to pro- 
vide experience and insight necessary for future studies 
of two- and three-body bound states. Such model ampli- 
tudes are important for a wide range of phenomenolog- 
ical applications including studies of effects outside the 
standard model 0|, diffractive vector-meson electropro- 
duction 1^, and p-ui mixing 
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II. MODEL SCHWINGER FUNCTIONS 

The use of model confined-quark propagators and me- 
son BS amplitudes, based on studies of the Dyson- 
Schwinger equations of QCD, has proved efficacious to 
the study of hadron phenomena. The large number of 
observables correlated within the framework using only 
a few model Schwinger functions allows one to constrain 
the model forms of these functions. Such constraints 
make the framework highly predictive, which is tested in 
applications to processes outside the domain in which the 
model Schwinger functions were originally constrained. 
One example of this is found in Ref. in which u-, d- 
and s-quark propagators and tt- and A'-meson BS ampli- 
tudes, developed in low-energy studies of tt and K meson 
decays and EM form factors, were employed in a study 
of high-energy (y/s > 10 GeV) 7r-nucleon and if-nucleon 
diffractive scattering and Pomeron exchange. 

In the following, the s-quark propgator parameters, 
originally obtained in Ref. [|| , are recalculated by fitting 
to ii'-meson observables and quark condensates. This 
fitting proceedure leads to an s-quark propagator and K- 
meson BS amplitude that is more consistent with recent 
numerical studies of the Bethe-Salpeter equation mn. 
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0.121 





P 
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0.105 


2.900 
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0.185 
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0.322 


same 


same 


same 








K* 


0.107 


0.870 


same 


0.092 









TABLE L Confined-quark propagator parameters for u, d, 
and s quarks from Ref. An entry of "same" for a meson 
indicates that the value of the parameter is the same as for 
the quark fiavor with which it is grouped. 
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A. Quark propagators and pseudoscalar BS 
amplitudes 

Numerical studies of the coupled, Dyson- 

Schwinger and Bethe-Salpeter equations in the u- and 
d-quark sectors obtain solutions similar in form to those 
developed in Ref. |^ . Recent and more extensive studies 
(which include the s-quark sector) [0 obtain AT-meson 
BS amplitudes that are qualitatively different than the 
model forms developed in Ref. To improve the con- 
nection between the model Schwinger functions employed 
herein and the solutions obtained from numerical studies 
of the Dyson-Schwinger and Bethe-Salpeter equations, 
the s-quark propagator parameters are refitted to K- 
meson observables. 

The new s-quark propagator is obtained by starting 
with the model u-quark propagator and then allowing 
only 2 of the parameters to vary from their w-quark val- 
ues. The parameters are determined by fitting the K- 
meson weak decay constant /k and mass tok, and by 
demanding that the s-quark in-vacuum and s-quark in- 
kaon condensates and current s-quark mass nis are the 
same as those obtained in Ref. |10| . The first application 
of the new s-quark parametrization is in a calculation of 
the charge radii of the neutral- and charged- if mesons. 

The form of the model dressed-quark propagators is 
based on numerical studies of the quark Dyson-Schwinger 
equation with a realistic model-gluon propagator [[ll| . 
In a general covariant gauge, the quark propagator is 
written as Sf{k) = —17 • fcf7y(fc^) -I- Ugik"^), and is well- 
described by the following parametrization: 



with X = k^j}? 



-J 



A(7g, d-y — A^cTy, rhf = mf/X, 
A — 0.566 GeV, and e = lO^"*. This dressed-quark 
propagator has no Lehmann representation and hence 
describes the propagation of a confined quark. It also re- 
duces to a bare-fermion propagator when its momentum 
is large and spacelike, in accordance with the asymptotic 
behavior expected from perturbative QCD (up to loga- 
rithmic corrections). 

The parameters for the u- and d-quark propagators are 
assumed to be the same {SU (2)-flavor symmetric). Their 
values were determined in Ref. |^ by performing a fit 
to a range of tt- and if-meson observables. The resulting 
parameters are given in Table ^. 

In the chiral limit (m/ — 0), it follows from Gold- 
stone's theorem that the pseudoscalar-meson BS ampli- 
tude T-p{k;p) is completely determined by the dressed 
quark propagator Sf{k) pO| . If the amplitude is taken 
to be proportional to lowest Dirac moment, 75, it is given 
by 



rp(fc;p) = 7;: 



fv 



(2.3) 



for P = TT- or ii'- mesons, where B'p(k'^) is the Lorentz- 
scalar function appearing in the quark inverse propa- 
gator Sj\k) = ij-kAf{k^) + Bf{k'^). Here, f-p is 
the pseudoscalar-meson weak-decay constant and can be 
evaluated from the BS normalization]^ 



* A formulation of quantum field theory is employed using 
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p2 



NctT 



(27r) 



XI -^Ss{k+^p)j5Su{k-^ph5 



+Ssik+^p)-/5 — Suik-lp)-f5 ), 



(2.4) 



where Sf{k) is the propagator for a quark with flavor /, 
B-p{k^) is from the BS amplitude for the pseudoscalar, 
V ~ Ti OT K meson in Eq. (2.3), with total momentum p 
and relative quark-antiquark momentum fc, Nc = 3, and 
tr denotes a trace over the Dirac indices. 

Using the definition in Ref. j^, the in- vacuum quark 
cond ensa te obtained from the model quark propagator of 
Eq. (O) is 



= -A^ In 



A2 



3 K 



(2.5) 



The s-quark parameters are chosen as follows. The 
magnitude of the s-quark condensate in the vacuum is 
taken to be 80% that of the u quark. The scales b{ and 63 
in Eq. ( |2.1[ ) a re fl avor independent (5f = 6" and 5§ = 63) 
so that Eq. fixes the value of 6g = 0.80 A re- 

lation for the "i n-ka on" quark condensate {(fq^)^ is ob- 



tained from Eq. (2.5) with the replacement . The 



requirement that this condensate and the current-quark 
mass TUs have the same values as obtained in Ref. [ [L0[ at 
the renormalization point /i = 1 GeV, determines 65^ — 
3.07 5g. 

The iiT-meson mass rriK is determined from the rela- 
tion: 



K 



iris). 



(2.6) 



The value of 62 is obtained by performing a fit to 
the experimental values of /k and uik- The resulting 
parameters are given in Table |, the resulting weak decay 
width, ii'-meson mass and s-quark condensates are given 
in Table ||. 

The first application that will serve as a test of the new 
parametrization of the s-quark propagator is a calcula- 
tion of the charged and neutral if-meson charge radii. 
The charge radius is related to the ii'-meson EM form 
factor by 



' K+, 



= —6 lim 



..^FK^q'), 

q^^a dq^ 



(2.7) 



and Fj^+{q^) is obtained from the jK^K vertex: 



the Euclidean metric (5^^ = diag(l, 1, 1, 1) with the convention 
that spacelike momentum satisfies = q ■ q — q^q^^ > 0, 
and Dirac matrices 7^ that satisfy: — 7^ and {7^,71/} ~ 
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Gxp Grim6iiL 


Ik 


0.112 


0.113 ± 0.001 


rriK 


0.491 


0.494 ± 0.016 




0.198 


0.175 - 0.205 




0.289 




0.528 


0.582 ± 0.041 


(4o> 


-0.032 


-0.054 ± 0.026 



TABLE II. Calculated if-meson observables and s-quark 
condensates evaluated at ^ = 1 GeV. All values are given in 
units of GeV, except {r'\,+ )^^^ is in fm, and (r^o) is in fm^ |l[. 
Experimental values given for condensates are those obtained 
from theoretical studies (see Ref. [B|). 




FIG. 1. One contribution to the proper -fRK vertex. 



(2.8) 

where p {p') is the four- momentum of the initial (final) K 
meson, q = —p —p' is the four- momentum of the photon. 
In this elastic (p^ — p'^) process, the form factors depend 
only on and Gxiq^) — for all q"^. In the impulse 
approximation, the "fK^K~ vertex is given by: 



Arb'P')=iAf(p,p')+K"b,p') 



(2.9) 



with 



K'ip^p) 


= 27Vctr j 


d^k 


0*rp(fc++,fc_ 






+ )fK(fc-ig;- 


-p') 




xSsik^ 


-)rK{k;p), 




KiP'P') 


= 2iVctr j 


d^k 


-)*r^(fc++,fc_ 




xSsik- 


f)r/f(fc-ig; 


~P) 




X Su (k— 


-)^K{k;p), 





(2.10) 



(2.11) 

where kab = k+^q+^p, Nc — 3, TK{k;p) is the pseu- 
doscalar X-meson BS amplitude, T^{k, k') is the dressed 
quark-photon vertex, Sf{k) is the dressed propagator for 
a confined-quark of flavor / and "tr" denotes a trace over 
Dirac indices. The adjoint pseudoscalar-meson BS am- 
plitude is given by Txik; —p) = C^Tj^{—k; ~p)C, where 
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C = 7274 and T denotes the transpose of Di rac in dices . 
The proper jK'^K^ vertex is given by Eqs. (2.9)-( 2.11 ) 
with the relabehng u d a nd the replacement of the co- 



efficient | by -i in Eq. (|U). For comparison, the proper 



vertex would be given by Eqs. (|2.9D-( p.f l| ) with 
the relabeling K —f t t and d. The diagram corre- 
sponding to Eq. ( ^.10| ) or (2.f 1) is shown in Fig. ^ 

Eva luation of the EM form factors from Eqs. ( |2.9| )- 
(2.11) requires an explicit form for the quark-photon ver- 
tex r^(fc, fc'). The quark-photon vertex r^(fc,A:') trans- 
forms under charge conjugation, space and time inver- 
sion in a manner similar to the bare vertex 7^ and 
must satisfy the Ward-Takahashi identity (WTI). The 
most general quark-photon vertex, free of kinematic sin- 
gularities, that fulfills these requirements is written as 
Tl{k,k') + r^'^{k,k') H, where Tl{k,k') is transverse 
to the photon momentum = {k — k')^ and rj^^(fc, A;'), 
determined from the WTI, is [|l3|: 

iVfik, k') = f 7p/i + + fc')M7 • {k + k')h 

+ {k + k')^h, (2.12) 

with A = Af{k^) + Af{k'^), h = {Af{e) - 
Af{k'^))/{k' - /3 = (Bjik^) - Bf{k'^))/{k^ - 
where Af{k'^) and Bf{k^) are the Lorentz invariant func- 
tions in the dressed-quark inverse propagator Sj^{k) — 
17 • kAf{k'^) + Bf{k^). The addition of transverse con- 
tributions to the quark-photon vertex in T'J^{k,k') arc 
unimportant for the calculation of observables at space- 
like momenta |0 ; they vanish as both k'^ and k'^ become 
large and spacelike in accordance with the asymptotic 
freedom of QCD and vanish in the limit that k — k' ^ 
by the Ward identity. In the following, these transverse 
contributions are neglected and the dressed quark-photon 
vertex is taken to be rj^'-'(fc, k'). 

Ca lcula ting the quark- loop integration in Eqs. ( 2.10| ) 
and (|2.1l| ), one obtains the if -meson EM form factors 
and associated charge radii. Their values are given in 
Table || 



B. Vector meson BS amplitudes 

The model vector-meson BS amplitudes, to be used in 
Sec. Ill to calculate the EM form factors of the p+, if*+ 
and K*'^ vector mesons, are similar to the pseudoscalar 
amplitudes discussed above. The Ansatz for the vector- 



meson BS amplitude V^(fc;p) is 
F^(fc;p) = T^,(p) 7, 



Nv ' 



(2.13) 



where T^i,(p) = S/j^^ +p^p^/M'^ and M is the mass of the 
vector meson V. The BS normalization iVy is obtained 
from the BS normali zatio n equation, which is a simple 
generalization of Eq. (2.4). 

The difference between the pseudoscalar- and vector- 
meson BS amplitudes is provided for by allowing 5q , 



and 63 to differ from the values , b^ and 63'. This 
simple Ansatz supplies a minimal difference that is suffi- 
cient for the purposes of this present study of the low-q"^ 
behavior of the EM form factors. For large values of q^, 
one e xpec ts that other Dirac structures, not included in 
Eq. (2.13), may be important. This is indeed what is 
observed in studies of pseudoscalar mesons, where the 
term proportional to 757 • p (p is the total momentum 
of the pseudoscalar bound state) must be included in 
the BS amplitude to reproduce the correct, asymptotic- 
q^ behavior of the form factor |l6|. Higher Dirac mo- 
ments may also be important for the calculation of some 
hadronic decays. For example, in quark-model calcula- 
tions, the particular choice of quantum numbers for the 
q-q interaction which induces the p — > tttt decay has a 
considerable impact on the coupling constant gprnr [ pT| . 
In particular, this decay is better described within quan- 
tum mechanics in terms of an interaction that has ^'^'^^Lj 
= '^Pq quantum numbers, rather than '^Si. The latter be- 
ing equivalent to a one-gluon-exchange interaction. Such 
sensitivity to the quantum numbers could show up in the 
present, covariant model, as an enhancement of higher 
Dirac moments. 

Using the simple Ansatz given by Eq. ( 2.13| ), it is im- 
possible to obtain simultaneous agreement with the ex- 
perimental decay widths for p — > tttt, p — > e"'"e~ and 
p — !■ 77r for any reasonable^ choice of parameters. On 
the other hand, one may obtain a satisfactory fit by relax- 
ing the constraint of reproducing the experimental decay 
width for p tttt. This may, in fact, support the notion 
that this process is particularly sensitive to higher-order 
Dirac structures in the BS amplitude which have been 
neglected in Eq. ( 2.13| ). However, a complete study of 
the importance of higher Dirac moments would require 
a careful analysis of the vector-meson BS equation, its 
dependence on the 8 possible Dirac structures present 
in the full vector-meson BS amplitude, and the extent 
to which higher Dirac moments affect vector-meson ob- 
servables. The present investigation of vector-meson EM 
form factors is a necessary prerequisite of such a study. 

The magnitude of 5q is closely related to the p-meson 
EM charge radius and should take a value < 60 < 6J to 
ensure the phenomenologically desirable result: (r^) < 
(rj). On this domain, varying the value of 6q affects the 
p-meson charge radius by less than 10% and the median 
value of (r^) occurs when 6g « i&J. The constraint &q = 
^bQ , where V = p {K*) and V = tt {K), is employed here, 
as a m eans to minimize the number of free parameters 
m Eq. (|2T|). The remaining parameters, bi and 63 are 



then obtained from a x fit to the decay constants: fp and 



g^pTT, and 6f and 63 are fit to g^K'K- The resulting 



^ The parameters are chosen so that the resulting vector 
BS amplitudes are monotonic functions of , as observed in 
numerical studies. 
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parameters are summarized in Table | and the calculated 
decay constants and their experimental values are given 



in Table [I] 



77r+ are 



The formulae necessary to calculate 
described in Ref. |18|, while those necessary to calculate 



e+e~ and p ^ tttt are discussed in Rcf. ||^. The de- 
cay constant g-yK'K for the K* — > decay is obtained 
from an obvious generalization of the definition for g-yp^ 
in Ref. p^ , with the observation that isospin invariance 
requires: 

^K'+^K+^° = ^^K'+^K^ ~ 16.6 ± 0.3MeV. (2.14) 

The experiment al va lue of the coupling constant calcu- 
lated from Eq. (pT^) is gx-Kn = 6.40 ± 0.06. 



III. ELECTROMAGNETIC FORM FACTORS OF 
VECTOR MESONS 

The EM current of a vector meson is 
{-p'X'\Uq)\pX) = A^„^(p,p') e„(p, A) e}{-p',X') , 

(3.1) 

where q = —p' — p is the photon momentum and £q {p, A) 
is the polarization vector of a vector meson with helicity 
A. Bose symmetry and charge conjugation require that 
the proper vertex satisfies K^a[3{p,p') — ^l^iifiaiji' ^p) 
so that the most general Lorentz covariant form of 

^liaf3{p,p') is 



^tial3{p,p') 



(3.2) 



where 



= {p^^p'^)T^,{p)T,p{p') , 
TflM) = TMT^Ps{p')P5'T^.p{p')TMp's , (3.3) 



1 



Tfc.p{P^p) = ^{p^-p'^)T^-,{p)p'^Tps{p')ps 



and T^^(p) is defined below Eq. ( ^.13| ). An alterna- 
tive set of tensors whose vector-meson Lorentz indices 
transform irreducibly under spatial rotations in the Breit 
frame may be constructed from linear combinations of 
these [|l^. The form factors associated with this set of 
irreducible tensors are the electric-monopole, magnetic- 
dipole and electric-quadrupole form factors, Ge, Gm, 
and Gq, respectively, and in our notation, they are re- 
lated to Fi , , and F3 according to 



2 g2 

Ge = Fi + - ttt^Gq 



3 4M2 



G 



M 



(3.4) 



Gq = Fi+F2 + (1 



4Af2 




FIG. 2. One of two contributions to the proper jpp vertex. 



A. Impulse approximation 

In impulse approximation, the proper "fK*^ K*^ ver- 
tex is given by 



A^:^ {P,p') = lA;ip{p,p') + IKlpiP^P')^ (3-5) 



with 



xSu{k^+)Vfj{k-r^+q;^') 
x5,(fc__)K,(fc;p), (3.6) 

4; 



A-^(p,p') = 2iV,tr 



dU 



Ss{k++)iT f,{k++,k^+) 



(27r)4""^'^^^^"^^ 

x^,(fc_+)K(fc-?7_q;V) 
x5„(fc__)y0(fc;p), (3.7) 



where kab = k 

arj^aq + brj^bP hi Eq. (|377|), 77+ 



ariaq- 



brjbp in Eq. ( |3.6|) , kab = k + 

rj^ = 1, 774. is the 



fraction of total bound-state momentum carried by the 
u quark, and Va{k\p) is the vector-meson BS ampli- 
tude. The adjoint vector-meson BS amplitude is given 
by Va{k;-p) = C'^V^{-k;-p)C, where G = 7274 and 
T denotes the transpose of Di rac in dice s. The proper 



7P+P vertex is given by Eqs. (|3.5[)- (|3.7l ) with the rela- 



beling s d and the proper jK*^K*'^ vertex is given 
by Eqs. ( |3.5|) -(3.7) with the relabeling u ^ d and the 



replacement of the coefficient | by — -I in Eq. (3.5). The 



diagram corresponding to Eqs. ( p. 6]) and ( |3.7| ) is shown 
in Fig. |. 



B. Numerical results 

Having determined the parameters in the vector-meson 
BS amplitude, one may calcu late the EM form factors 
directly from Eqs. ( |3.6[ ) and (3.7). The resulting form 
factors are shown in Figs. |^ - ^[ 

The nodal structures of the form factors are typical of 
spin-1 systems. Fi{q^) has a node at moderate q^, F^{q^) 
has a node at a higher and -^2(9^) has no nodes. From 
the relations in Eqs. (3.4), one finds that Gsiq^) has 
then two nodes, Gq (g^has one node and GM{q^) has 
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this study 


rel. QM g] 


experiment 


/p 


4.37 




5.05 ± 0.12 




0.62 




0.57 ± 0.03 




0.98 




0.75 ± 0.03 


QpTTTT 


8.52 




6.03 ± 0.02 




9.66 




6.40 ± 0.04 




0.61 fm 


0.61 ± 0.014 fm 


(~ 0.61 fm) 




0.54 fm 






(4.0 ) 


-0.048 fm^ 








2.69 


2.23± 0.13 






2.37 








-0.40 






Qp+ 


0.055 W 


0.048 ± 0.012 fm^ 




Qk*+ 


0.029 fm^ 








-0.0049 fm^ 







TABLE III. Calculated vector meson observables. The 
quoted magnetic moments are the dimensionless values 
Gm(0) where ^ = Gm{0)j^, quadrupole moments are 
Q = —Gq{0)j^ where M is the mass of the vector me- 
son. The "experimental" value of (r^+)^^^ is estimated from 
diffractive electroproduction data and results from rela- 
tivistic quantum mechanics are provided 



none. The node in GQ{q^) and second node in Gsiq^) 
occur above = 10 GeV^ hence they are not depicted in 
Figs. ||- ^. The location of the first node in Gsiq^) gives 
a measure of the size of the vector meson. Its appearance 
at a smaher q^ for the meson relative to that of the 
K*^ is indicative of the larger size of the p'^. 

The canonical measure of the size of a bound state 
is the charge radius, defined in Eq. (2.7). The charge 
radius of the p+ meson has also been calculated within 
relativistic quantum mechanical models pj6[. The mean 



charge radius obtained from and the deviation between 
these models is {r^^+y^^ = 0.61 ± 0.014 fm. The resuh 

of the present model is (r^+)^/^ = 0.61 fm. 

It is important to note that t he ch arge r adii that result 
from our calculations of Eqs. (3^) and (3/7) represent 
only the contributions due to the quark-antiquark sub- 
structure of the vector meson. Additional contributions 
arising from meson loops may be present but have been 
neglected in this study and in Refs. (|J^. In the case of 
the pion form factor, the effect of including tt- meson loops 
is minimal, tending to increase the pion charge radius by 
less than 15% However, meson loops have a quali- 
tatively different effect on the vector-meson form factors. 
The light vector mesons are massive enough to decay into 
two pseudoscalars. Therefore, two-pseudoscalar meson 
loops in vector-meson self-energies give rise to nonana- 
lyticities associated with this decay. Such nonanalytici- 
ties may have significant impact on certain observables, 
particularly the charge radii of neutral particles. An ex- 
ample of this is the semileptonic decays K —> niiyi and 



10" r 



10' r 



10" r 



10' 







^^^^ 


















^ y ^ 


\ \ 


/ ✓ 


r \ y 


/ / 

/ / ■ 
/ 


— H 
✓ 1 / 




y \ 1 




II 












y 




y 






















0.010 



0.100 



l.OOO 



lO.OOO 



q [GeV ] 



FIG. 3. The electric-monopole form factor |G£;(g^)| for 
p+ (sohd), is:*+ (dashed) and K*^ (dot-dashed) mesons. The 
sign of G£;(0) is positive for each of the mesons considered. 



TT — > T^lvi. It was shown that subthreshold K-k loops 
contribute significantly to the quark-antiquark-M^-boson 
vertex for timelike M^-boson momenta The most 

significant effect on an observable being an increase in 
obtained radius for the tt-K transition form factor by 
up to 50%. Nonetheless, since such contributions fall off 
rapidly with increasing spacelike momenta, they are ex- 
pected to have a smaller effect on the spacelike EM form 
factors considered here. The role and importance of pion 
loops in determining the p-meson EM form factors for 
timelike and spacelike photon momenta requires further 
investigation. 

Although a direct measurement of the p-meson charge 
radius is not possible at present, there is an empirical 
relation between the t dependence of diffractive p-meson 
electroproduction and a "diffractive radius" of the vector 
meson. The "diffractive radius" that is inferred from 
electroproduction data is Vp « 0.61 fm ||2l[]. However, 
the agreement between the "diffractive radius" and the 
charge radii obtained in Refs. |^,|| and herein should be 
viewed with caution since the relationship between these 
quantities is not understood. 

It is apparent from Figs. |^ - |^ that the neutral K* 
meson form factor is not identically zero for all q^. In 
general, the EM form factors of charge- conjugate non- 
identical, neutral mesons (such as the K*^ and K*^ 
mesons) will not be identically zero for all q^ . This results 
from the breakdown of SU(3)-flavor symmetry caused by 
the mass difference between the u and s quarks. The 
negative value of {rj^,o) is indicative of the larger mass 
of the s quark. Of course, the EM form factors for the 
neutral-p meson are absent from the present study be- 
cause the assumption of exact isospin invariance at the 
level of the quark dynamics (i.e., Su{k) = Sd{k)) entails 
that they are identically zero for all q^. 

Of course, the value of Gsiq'^) at = is propor- 
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FIG. 4. The magnetic-dipole form factor \GM{ci^)\ for 
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FIG. 5. The electric-quadrupole form factor \GQ{<f')\ for 
p+ (sohd), K*+ (dashed) and A"" (dot-dashed) mesons. The 
sign of Gq(0) is negative for and A'*"*" and positive for 



tional to the EM charge of the vector meson. In the 
numerical calculation of a neutral meson form factor, a 
result of G£;(0) ^ would be i ndic ative of a violation 
of charge conservation in Eqs. (3.6) and ( |3.7[) . In the 
present study, charge conser vatio n (i.e., (0) — 0) 

is ensured in Eqs. (p]q) and (3.7), with the assumption 
that the u quark carries a fraction 77+ = 0.45 of the total 
bound-state momentum p while the s quark carries the 
fraction 1 — 77+. Had the assumption of equal partitioning 
[rjj^ — 1/2) been made, a small violation to charge con- 
servation would have ensued. This violation would have 
been Gij(O) = 0.0032. 

It was shown in Ref. [|oj, that charge conservation is 
maintained within the impulse approximation through 
the use of BS amplitudes, satisfying the Bethe-Salpeter 
equation, in which the full dependence on the invari- 
ant k ■ p \s maintained. (Here, k is the relative quark- 
antiquark momentum and p is the total bound state mo- 
mentum.) In this study, we have employed simplified 
model BS amplitudes, having only the dominant Lorentz 
structure T^i,(p)7^ and arguments that are 0(4) sym- 
metric; i.e., independent oi k ■ p. Therefore, charge con- 
servation was e nsur ed through the choice of 77+ — 0.45 in 
Eqs. and ( |r7|) . 

Overall, the agreement between the p-meson form fac- 
tors obtained from our model and those obtained from 
relativistic quantum mechanical models is quite good for 
small q^. Below = 1 GeV^, both approaches are ex- 
pected to be reliable and the agreement achieved may be 
indicative of this. For example, the mean charge radius 
and quadrupole moment obtained in Ref. is ('"p)^^^ — 
0.61 ± 0.014 fm and Q 0.048 ± 0.012 fm^ while those 
obtained in the present study are {r"^)^^"^ = 0.61 fm and 
Q = 0.055 fm^, respectively. However, the discrepanc 



fi — 2.23 ± 0.13 [eo/2Mp], and that obtained in the 
present study fi = 2.69 [eo/2Mp] is significant. An ex- 
perimental determination of vector-meson magnetic mo- 
ments provides a tool with which to probe the various 
model frameworks. 

Furthermore, in the present study, a close relation be- 
tween the charge radius and magnetic moment of a vector 
meson and the infrared behavior of its BS amplitude is 
observed. A measurement of either of these observables 
would provide information about the infrared behavior 
of the vector-meson BS amplitudes. Such information 
is important, as it provides crucial constraints on future 
numerical studies of vector-meson bound states in QCD. 

An important difference between quantum mechani- 
cal models and Dyson-Schwinger-based models is that 
quantum mechanical models typically employ a con- 
stituent quark with a mass Afp/2, while in our approach, 
quarks are confined and have no mass pole at all. The 



mass-scales in the quark propagator Sf{k) of Eq. (2.1) 
evolve dynamically with the quark momentum, being 
constituent-like near k^ — and becoming current-like 
as A:^ ^ 00. Therefore, at low-g^, one expects the two 
approaches to produce similar results, and (with the ex- 
ception of the magnetic moment) the results obtained 
herein are in complete agreement with those of Ref. |^ . 

However, above — 1 GeV^ the results of relativis- 
tic quantum mechanics begin to differ from those cal- 
culated herein. For example, the location of the first 



between the magnetic-dipole moment obtained in Ref. 



1 



node in Gsiq ), as obtained in Refs. [gU^], occurs at 
« 3 GeV^, while it is found from our calculation 
to be near 1.73 GeV^. This discrepancy results from 
two differences between quantum mechanical models and 
our Dyson-Schwinger based model. The first is the use 
of dynami cal mass-scales in the quark propagator Sf{k) 
from Eq. (2.1), as discussed above. The transition in the 
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quark propagator Sf{k) from a constituent-like quark to 
a current-like quark becomes important in the calcula- 
tion of EM form factors for photon momenta greater than 
« 1 GeV^. This feature is common to processes in- 
volving photo-meson transitions and has been observed in 
studies of diffractive electroproduction of vector mesons 
1^ and the 7*7r 7 transition form factor The sec- 
ond difference is the sensitity of the vector-meson form 
factors to the lack of rotational covariance in relativistic 
quantum mechanical models. The uncertainties in the 
vector-meson form factors associated with this sensitiv- 
ity become significant above = 1 GeV^ H] . In contrast 
to this, the framework employed herein is fully covariant. 



IV. SUMMARY 

The electromagnetic form factors, associated moments 
and charge radii have been calculated for the p+, 
K*'^ , and mesons within a Dyson-Schwinger based 
model using confined-quark propagators developed in 
phenomenological studies of tt- and if -meson observables 
and vector-meson BS amplitudes that are closely related 
to the pseudoscalar amplitudes obtained from the same 
studies. 

The calculated p-meson charge radius and electric- 
quadrupole moment are in excellent agreement with the 
values obtained from light-front quantum mechanical 
models, while the magnetic moment obtained herein is 
found to be 20% larger than the mean value obtained 
from quantum mechanical models. 

The experimental difhculties that must be overcome 
to directly measure the vector-meson EM form factors 
will continue to limit our knowledge of these important 
observables in the future. However, indirect measure- 
ments of their static limits are possible and provide im- 
portant information about quark dynamics and vector- 
meson bound states. In particular, the quadrupole mo- 
ment provides an excellent probe of the mass scales in 
the quark propagator, while the charge radius princi- 
pally probes the details of the vector-meson BS ampli- 
tude. Information about infrared observables provides 
constraints on and guidance for the construction of real- 
istic models of the strong interaction as well as a test of 
our understanding of nonperturbative QCD. 
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